We have previously reported that water-soluble bglucan completely devoid of mannoprotein and puriˆed from the yeast cell wall eŠectively stimulated the macrophage function ( Biosci. Biotechnol., Biochem., 65, 4, 837-841 (2001)). In this present study, to increase the yield of water-soluble b-glucan, the wild type of Sacharomyces cerevisiae, JH, was treated with a combination of UV irradiation and laminarinase (endo-b-(1,3)-glucanase) to yield the laminarinase-resistant mutants, JUL1 and JUL3. Water-soluble b-glucans that were free of mannoprotein from JH, JUL1 and JUL3 were puriˆed and their eŠects on TNF-a secretion and phagocytosis by macrophages were evaluated. Crude bglucan wasˆrst solubilized from the yeast cell wall by alkaline extraction and then subjected to an acid treatment. The residual mannoprotein was completely removed by DEAE and ConA chromatography. The yield of water-soluble b-glucan in both mutants (JUL1, 5.11%; JUL3, 5.76%) was about 5-fold higher than that of the wild type (1.16%). The water-soluble b-glucan from JH induced TNF-a secretion slightly more than that from JUL1 or JUL3: TNF-a secretion by JH at 50, 200, 500 mg W ml of b-glucan was 11-17% more than that by JUL1 or JUL3 for the same treatment. b-Glucan from the wild type stimulated phagocytosis slightly more than that from the mutants. These mutants could therefore eŠectively produce puriˆed water-soluble bglucan with immune activity. However, these chemical modiˆcation methods were not straight forward due to insoluble b-glucan particles resulting from the extraction of water-insoluble b-glucan from the cell wall. In this study, the S. cerevisiae strain was treated with UV and laminarinase (endo-b-(1,3)-glucanase) to increase the b-(1ª6)-D-glycosidic linkage, and these laminarinase-resistant mutants were used for this experiment. Weˆrst puriˆed soluble b-glucan from the cell wall of wild-type and mutant yeasts by the previously developed puriˆcation method, 10) and compared the yields and the immune-enhancing activities of these puriˆed water soluble b-glucans from the wild type with those from the mutants.
b-D-(1-3,1-6)-D-glycosidic linked glucans have the ability to enhance and stimulate the immune system in humans. [1] [2] [3] [4] [5] b-Glucan is known to possess antimicrobial and antitumorial activities by enhancing the host immune function, and activates macrophages, neutrophils and NK cells by binding to the bglucan receptor of these cells. The binding of b-glucan to its receptor triggers phagocytosis, respiratory bursts and secretion of such cytokines as TNF-a. 4, 5) The cell wall of baker's yeast, Saccharomyces cerevisiae, consists of mannoproteins, chitin and b- . The insolubility and presence of mannoproteins in b-glucan lead to such side eŠects as hepatosplenomegaly, microembolism, and increased endotoxin sensitivity. 6) Therefore, b-(1ª3)-glucan has previously been rendered soluble by chemical modiˆcation such as sulfonylation, 7) sulfation, 8) phosphorylation and carboxy-methylation. 9) However, these chemical modiˆcation methods were not straight forward due to insoluble b-glucan particles resulting from the extraction of water-insoluble b-glucan from the cell wall. In this study, the S. cerevisiae strain was treated with UV and laminarinase (endo-b-(1,3)-glucanase) to increase the b-(1ª6)-D-glycosidic linkage, and these laminarinase-resistant mutants were used for this experiment. Weˆrst puriˆed soluble b-glucan from the cell wall of wild-type and mutant yeasts by the previously developed puriˆcation method, 10) and compared the yields and the immune-enhancing activities of these puriˆed water soluble b-glucans from the wild type with those from the mutants.
Materials and Methods
Strains and cultivation. We used for this experiment a wild type of yeast (JH) and two mutants (JUL1 and JUL3) obtained from Prof. Chang Hyo Il (Korea University). S. cerevisiae JH (Hansen 1883, Mat a W a) was used as the control strain. To isolate those mutants with as high a possible degree of branched b-glucans, JH mutated by UV irradiation and then glucanasc-resistant strains were selected by their resistance to laminarinase [endo-b(1,3)-glucanase] (Sigma Chemical Co., U.S.A.). JH, JUL1 and JUL3 were each incubated in a YPD medium containing yeast extract (2z; Difco, U.S.A.), bacto peptone (4z; Difco, U.S.A.), and glucose (4z; Showa Co., Japan) at 379 C, while shaking at 180 rpm. Since the glucan was converted to glycogen after the exponential phase, the cells were cultivated in the exponential phase. After recovery, the cells were washed twice by a sodium phosphate buŠer (pH 8.5) to purify the soluble b-glucan.
Puriˆcation of soluble b-glucan from the wild type and mutants of S. cerevisiae. The puriˆcation of soluble b-glucan from the yeast cell wall used in this study was as described in a previous report. 10) Crude alkali-soluble b-glucan from the cell wall of JH, JUL1 and JUL3 was extracted by 2z NaOH at 909 C for 5 hr. After cooling, each suspension was centrifuged, and the resulting supernatant was neutralized with 2 M acetic acid, before being treated with 3 volumes of ethanol to precipitate b-glucan. Each precipitate was dissolved in 3z acetic acid, and the solution centrifuged to remove any insoluble b-glucan. The recovered supernatants were each neutralized with 2 M NaOH. After this neutralization, each preparation of JH, JUL1 and JUL3 was loaded into a DEAE Sephacel anion-exchange column (5× 25 cm, Pharmacia Biotech, Uppsala, Sweden) to remove the residual proteins. The unbound fraction containing b-glucan was eluted from the column with 3 bed volumes of a 10 mM sodium phosphate buŠer at pH 8.0. This fraction was then concentrated by a rotary evaporator and dissolved in 10 ml of a 50 mM phosphate buŠer (pH 7.4) containing 0.15 M NaCl. The preparation was then applied to a ConA agarose column (1.5×10 cm, Sigma, U.S.A.) to remove mannan. The unbound fractions from the column containing water-soluble b-glucan were collected by eluting the column with 50 ml of the buŠer, dialyzed against double-distilled water and freeze dried.
Determination of the protein content and polysaccharide composition. The protein content and composition of polysaccharide at each step of puriˆ-cation in JH, JUL1 and JUL3 were analyzed by Bradford method 11) and HPLC as previously described. 10) A sample (2 mg each) was hydrolyzed with 2 M tri‰uoroacetic acid (4 ml) at 1219 C for 90 min. After evaporating to dryness, the residue was dissolved in 1 ml of deionized water, and 10 ml of the resulting solution was applied to a Rezex Sugar Pak column (Phenomenex, Biotech, U.S.A.). The column was eluted with deionized water, and the polysaccharide composition was evaluated by an RI detector (Waters Co., U.S.A.). Glucan and mannan were identiˆed as glucose and mannose, respectively.
Cell culture. A humanˆbroblast cell line (L929) and J774A.1 were purchased from Korea Cell Line Bank (KCLB, Seoul, Korea), while a murine macrophage cell line (Raw 264.7) was obtained from ATCC (Rockville, MD, U.S.A.). The cells were grown in an RPMI 1640 medium supplemented with 10z fetal bovine serum (FBS; endotoxln tested, Gibco BRL, Grand Island, U.S.A.), 100 U W ml of penicillin, 100 mg W ml of streptomycln, and 10 mM HEPES ( N-2-hydroxyethyl piperazine-N-2-ethanesulfonic acid).
TNF-a bioassay. TNF-a secretion was determined by a modiˆed L929 cytotoxicity assay.
12) L929 cells in RPMI-1640 containing 10z FBS (4×104 W well) were plated in a 96-well culture plate and incubated overnight at 379 C. On the next day, the medium was replaced with RPMI-1640 containing actinomycin D (1 mg W ml). Supernatants of Raw 264.7 cells were prepared by treating the cells with cach b-glucan sample puriˆed from JH, JUL1 and JUL3 at concentrations of 50, 200, and 500 mg W ml, and then incubating at 379 C for 24 h. Each treated supernatant was then added to the 96-well plate with L929 cells in triplicate. These plates were incubated at 379 C for 18 h. The cells were stained with 0.5z crystal violet, and the absorbance at 490 nm was determined (MRX microplate reader, Dynatech). DiŠerent concentrations of recombinant murine TNF-a (PharMingen, San Diego, U.S.A.) were used as standards, and LPS (Sigma, St. Louis, MO, U.S.A.) was used as the positive control.
Phagocytosis assay. The mouse macrophage cell line, J774A.1 (3×10 5 W well), was treated with 1 mg W ml of each b-glucan preparation obtained from JH, JUL1 and JUL3 for 24 h in a 96-well plate. FITC-labeled E. coli or S. aureus (6×10 6 W well; Molecular Probes, Eugene, U.S.A.) was added to the macrophages. After various periods of incubation, the supernatant was removed by aspiration. Tryphan blue (100 ml, 250 mg W ml, pH 4.4) was added to each well, before incubating for 1 min to quench the extracellular ‰uorescence. The macrophages were then lysed by adding 100 ml of 0 2z SDS in a CBS buŠer (70 mM Na 2 CO 3 , 930 mM NaHCO 3 and 154 mM NaCl) at pH 9.0. Phagocytosis of the bacteria was evaluated by measuring the ‰uorescence intensity in each cell lysate at 485±10 nm excitation and 530± 12.5 nm emission with an automated ‰uoresccnce microplate reader (HTS 7000, Perkin Elmer, Norwalky, U.S.A.). The ‰uorescence intensity is expressed in relative ‰uorescence units (RFU). The results of the TNF-a and phagocytosis assays were statistically analyzed by Duncan's multiple-range test, using Statistical Analysis System version 8.1 software (SAS Institute, Cary, NC, U.S.A.).
Results and Discussion
Growth kinetics of the cells To isolate those mutants with a high degree of b-(1,6)-glycosidic cross-linked glucans, wild-type strain JH was mutated by UV irradiation, and the Figure 1 shows the growth curve of the wild-type and mutant strains: while JH reached the exponential phase at 15 hr, JUL1 and JUL3 reached it at 18 hr, indicating that the wild-type yeast cells grew slightly faster than the mutants. Consistent with the data of Ha et al., 13) JUL1 and JUL3, respectively, exhibited approximately 273-fold and 305-fold higher resistance to laminarinase than the parental strain JH.
Puriˆcation of water-soluble b-glucan from the yeast cell wall of the wild-type and mutants strains Figure 2 shows the residual protein content of bglucan at cach puriˆcation step for the wild-type, JH, and mutant starins, JUL1 and JUL3. The extract of JH which had been extracted with 2z NaOH contained 2.4z of protein as mannoprotein complexes, and the alkaline extracts of JUL1 and JUL3 contained 1.6-1.8z of the protein. The protein contents in JH, JUL1 and JUL3 decreased to 0.8-0.6z after treating with 3z acetic acid. Each of these three samples was loaded into a DEAE Sephacel anionexchange column to remove the residual proteins. Mannan is known to bind to concanavalin A (ConA), a class of lectin; therefore, ConA chromatography was performed to remove mannan. After the ConA chromatography, we wereˆnally left with watersoluble b-glucan which was completely free of protein and mannan from both the wild-type and mutant preparations.
The yields of soluble solids and water-soluble bglucan at each puriˆcation step from JH, JUL1 and JUL3 is described in Table 1 . A large portion of alkali-soluble materials in JH, JUL1 and JUL3 from dried cells was removed by alkali extraction. However, the water-soluble b-glucans were puriˆed from the alkali-soluble extracts by sequcntial DEAE and ConA chromatography. After ConA chromatography, theˆnal yields of water-soluble b-glucan from JH, JUL1 and JUL3 were 1.16z, 5.11z and 5.76z of the dried cell weight, respectively. The yields of water-soluble b-glucan isolated from JUL1 and JUL3 was higher by about 5 fold than that from the wild-type. It appears that the markedly higher yields of alkali-and water-soluble b-glucan by the mutants may have been caused by the cleavage of b-(1,3)-glucan due to the treatment with laminarinase. Each b-glucan isolated from JH, JUL1 and JUL3 was added to a Raw 264.7 cell culture in a 96-well plate and incubated for 24 h. The supernatant was harvested, and the concentration of TNF-a in the supcrnatant was measured by an L929 cytotoxicity assay. LPS was used as a positive control (n＝6). There was no statistical diŠerence in the phagocytotic activity between JH, JUL1 and JUL3 ( pÀ0.05). The error bar represents the standard deviation.
JH, JUL1, JUL3
Ha et al. 13) have estimated the MW of puriˆed water-soluble b-glucan to be 6.0×10 5 (wild type, JH), 2.81×10 6 (JUL1), and 1.72×10 6 (JUL3), respectively. The higher MW of the water-soluble glucans from the mutants may have been caused by increased polymerization of the b-(1,6)-linked branch in b-(1,3) -glucans. In wild-type JH, all 13 C signals of the b-(1,3)-linked glucan structure were present. On the other hand, the signals for b-(1,3)-linked glucan in mutants JUL1 andJUL3 were very weak or absent. 13) Ha et al. 13) have reported that the MW and 13 C-NMR data for JH, JUL1 and JUL3 show that the amount of b-(1,6)-glycosidic linkages in the cell wall glucan was increased by mutation, and that this change caused the mutants to produce more watersoluble b-(1,3)-glucan with a very high molecular weight (1.72-2.81×10 6 ) and high polymerization of the b-(1,6)-linked branches.
EŠect on TNF-a secretion of the murine macrophage cell line, Raw 264.7
To study the eŠect of b-glucan on the immunological activity, two parameters of the macrophage function were measured, namely the TNF-a release and phagocytosis. TNF-a plays a crucial role in the hostdefense mechanism by stimulating other in‰amatory cytokine secretions, enhancing the vascular endothelial cell permeability and promoting the recruitment of additional immune eŠector cells. 14, 15) In macrophages and neutrophils, TNF-a stimulates oxygen burst and phagocytic activity leading to e‹cient microbe killing. 16) To test the ability of the three water-soluble bglucan preparations from JH, JUL1 and JUL3 in stimulating TNF-a release, Raw 264.7 cells were treated with each of these b-glucan preparations for 24 h, and the culture supernatants were analyzed for their TNF-a bioactivity by an L929 cytotoxicity assay. Figure 3 shows that all the b-glucan preparations induced TNF-a secretion from Raw 264.7 cells in a dose-dependent manner (50-500 mg W ml). When Raw 264.7 cells were stimulated with water-soluble bglucan isolated from JH at concentrations of 50, 200 and 500 mg W ml for 24 h, the TNF-a production in the culture supernatant was 2,320, 4,110 and 3,990 pg W 5 ×10 5 cells, respectively. In the case of water-soluble b-glucan isolated from JUL1 and JUL3 at the same concentrations, TNF-a production by JUL1 was slightly less at 1,990, 3,720 and 3,170 pg W 5×10 5 cells, respectively, and by JUL3 at 1,970, 3,680, and 2,740 pg W 5×10 5 cells, respectively. Although the TNF-a release at each concentration of b-glucan from the wild type was slightly more than that from the mutant strains, there was no statistical diŠerence of immune activity in the TNF-a secretion between the wild type and mutants ( pÀ0.05). On the other hand, the TNF-a release at a concentration of 500 mg W ml of b-glucan was lower than that of b-glucan at 200 mg W ml in all groups. This anomaly has also been shown in previous reports. 12, 17) Olson et al. 12, 17) have reported that a high concentration of fungal bglucan (AE500 mg W ml) caused apparent suppression of the TNF-a activity release, whereas a low or moderate concentration of b-glucan (Ã200 mg W ml) increased the TNF-a release. These authors speculated that this suppression of TNF-a activity by a high dose of b-glucan was mediated by the excess nonphagocytized b-glucan particles which were bound to soluble TNF-a through the lectin-binding domain of the cytokine. Thus, the eŠective concentration of TNF-a was not fully utilized. The lectin-binding interaction of TNF-a can be best inhibited by N, N?-diacetylchitobiose 18) and is likely to occur through binding of the carbohydrate core rather than residues of the ligand.
EŠect on phagocytosis of the murine J774A.1 macrophage cell line Phagocytosis is one of the most important hostdefence mechanisms against invading microbes; therefore, phagocytic activity is an important measurement of the macrophage function. 19) Recognition of microbes can be mediated by common receptors for microbial constituents. The b-glucan receptor, CR3, is one of the receptors used to recognize microbial pathogens and is responsible for phagocytosis, this being followed by subsequential degranulation and respiratory burst. 20) To investigate the eŠect of b-glucan on the phagocytotic activity, the phagocytosis of FITClabeled E. coli and S. aureus by the murine macrophage cell llne, J7744A.1, was measured. The eŠect of phagocytosis for each of the b-glucans isolated from JH, JULI and JUL3 showed a similar pattern for both Gram-positive S. aureus and Gram-negative E. coli (Figs. 4(A) and (B) ). The phagocytotic activity of macrophages by b-glucans isolated from JH was higher than that by b-glucans isolated from JUL1 and JUL3, although, there was no statistical diŠer-ence in this activity between the wild type and mutants ( pÀ0.05). However, the lower eŠect of water-soluble b-glucan isolated from the mutants on the TNF-a release and phagocytotic activity indicates that some portion of the b-(1,3)-glucan linkage in the mutants that was eŠective for enhancing the immune system 8, 21) had been cleaved by the laminarinase treatment. This result was conˆrmed by the C 13 NMR data 13) 
Conclusion
We have compared in the present study the yields of water-soluble b-glucan isolated from wild-type and mutant yeast and their immune enhancing activities. The mutants were screened according to the resistance of the cell walls to b-(1,3)-glucanase enzymolysls. The yield of water-soluble b-glucan from the mutants, JUL1 and JUL3, was 5-fold higher than that from the wild type, with corresponding antitumorial and phagocytotic activities. These results indicate that the amount of b-(1,6)-glycosidic linkages in the cell wall glucan had beem inereased by mutation which resulted in a higher yield of watersoluble b-glucan with immune-enhancing activity.
